Abstract -One-dimensional (1-D) simulation is a useful technique for the evaluation of dryer operating parameters and product properties before conducting real spray drying trials. The main advantage of a 1-D simulation tool is its ability to perform fast calculations with significant simplicity. Mathematical models can be formulated using heat, mass and momentum balances at the droplet level to estimate time-dependent gas and droplet parameters. One of the purposes of this paper is to summarize key mathematical models that may be used to perform 1-D simulation for spray drying processes, predict essential product-drying gas parameters, assess the accuracy of prediction using pilot-scale spray drying data and perhaps most importantly address the main benefits and limitations of the 1-D simulation technique in relation to industrial spray drying operations. The results of a recent international collaborative study on the development of spray drying process optimization software for skim milk manufacture are presented as an example of the application of 1-D simulation in milk processing.
INTRODUCTION
In the current environment of economical crisis and strict climate policies, industries in almost all sectors are striving to improve process efficiencies or to adopt new technologies so that energy and water consumption, manufacturing cost and carbon emission can be minimized. This is particularly evident in the dairy and food processing industries. Replacing or modifying conventional techniques by newer cost effective technologies may not be straightforward because one has to carefully study the requirement of additional capital costs, the availability of resources and personnel, the influence on product quality and the risk of "using it first time". It is a challenge to all dairy manufacturing researchers to develop innovative approaches for reducing processing costs and energy consumption during drying operations while maintaining top product quality in such a way that a minimum additional investment (time, money and resources) is needed.
Spray drying is a relatively high energyintensive operation because the water (or solvent) is removed mainly using thermal energy. The energy needed to remove a kilogram of water during single or multistage spray drying is usually 10-20 times higher than the energy required during multi-pass evaporation to remove the same amount of water [9, 80] . Furthermore, all large-scale spray drying industries currently rely on fossil fuels to provide the energy needed for water removal. Keeping the strict climate policies in mind, there is a need to recover the energy from exhaust streams and look for alternative "green" energy resources.
Apart from energy reduction and/or recovery during spray drying operations, product quality improvement, new product development and minimizing other potential problems such as wall deposition and stickiness are major concerns for dairy powder manufacturers. To understand how chemical and process engineers can address these issues, it is important to understand the relationship between product quality, process parameters and equipment design. When the physical principles of modeling are defined, simulation can be a useful technique to mathematically characterize various drying phenomena occurring during spray drying and establish relationships between key process and quality parameters. Reviewing the current set of drying/feed parameters and tuning these parameters based on a more reliable optimization technique may be helpful in dealing with several critical issues without the need for new equipments or major changes to process design.
Simulation is essentially an approximation technique or tool that can provide predictions and trends of process and product parameters with acceptable accuracies. Simulation techniques are increasingly becoming popular in the software development community to optimize spray drying processes and predict product properties before conducting real spray drying trials. As a precaution it should be noted that simulation is not a unique "remedy" to all operational problems. The predictive power and the reliability of simulation techniques largely depend on the appropriateness of the mathematical models used and how well they are validated. A programmer should be aware of the extent of details required from simulation tools because this information is directly linked with the complexity of simulation programs and the time, resources and skills required. Different scales of mathematical analysis and a variety of process calculation tools can be employed depending on the type of information required from a simulation.
Simulation may be helpful to process engineers in following ways:
d Traditionally, optimization and generation of new process parameters and drying kinetic data were realized using experimental trials that were expensive and eventually risky. Simulation can greatly reduce the experimental trials required to study various drying phenomena and the associated trends upon changing process parameters. Drying processes can be pretested in this way using a set of appropriate mathematical models. Simulation thus helps in minimizing product testing time, resources, hazards, energy consumption and wastage. This can be considered a significant advantage. d Simulation can also provide early insights for equipment design and new processes development as well as for scale-up, scale-down, process and quality control and risk management during spray drying. d Simulation permits the development of a process-product integrated approach that helps in studying process and product parameters together. Thus, it can be helpful in estimating energy consumption, process efficiencies, production costs and product quality sensitivity to the changes in process and feed parameters. d Simulation can be of a great benefit for training and education purposes at production sites, academic institutes and R&D centers.
SIMULATION OF SPRAY DRYING
A significant extent of research has been conducted to mathematically characterize various phenomena occurring during spray drying. Unfortunately a unique theoretical approach to characterize drying phenomena (e.g. drying kinetics, particle trajectories, and gas-flow pattern) and to design associated equipments does not exist [59] . One of the reasons for this is the complexity of the spray drying process, which includes many aspects of transport phenomena, fluid mechanics, heat and mass transfer, reaction engineering, particle engineering as well as material science [15] . Mathematical analysis and simulation can become very complex when all these drying principles are considered together. Based on the complexity of mathematical analysis, simulation approaches may be classified as follows.
In this approach, the spray dryer is essentially considered as a "black box". Drying processes are simulated using overall heat and mass balance equations to predict gas temperature, gas humidity and product moisture content at the inlet or outlet of dryers [10] . Drying chambers are mostly treated as well-mixed reactors [30, 95, 110] . Calculations for heat and mass balances over spay dryers and fluidized-bed dryers are usually done separately. The drying kinetics model is mostly not incorporated for this course-scale simulation approach.
This approach can provide "first-draft" information regarding gas and product conditions at the inlet and outlet of the drying chambers by simply using a scientific calculator or an Excel spreadsheet. Recently, Langrish [47] illustrated how this coursescale approach can be used to estimate a product's sticky-point temperature at the outlet of the spray dryer in order to predict stickiness behavior of the powder.
"1-D" (finer-scale) simulation approach
In the 1-D simulation approach, mass, heat and momentum balances are performed at an individual droplet level by following drying time or dryer height [72, 73] . Drying kinetics is incorporated in this approach which allows predicting drying-rate profiles and identifying fast and slow drying-rate periods. It is usually considered that hot gas and droplets are moving in parallel within the drying chambers [70] . This simulation approach is widely used to model product characteristics during spray drying where tall-form spray dryers were used [72, 109, 110, 112] . A major advantage of the 1-D approach is the capability to evaluate the "average" behavior (temperature, moisture concentration and velocity profiles) of the powder and hot gas following drying time or dryer height integration. These profiles can assist in predicting various thermo-physical properties and quality parameters of the product throughout drying [73] . A relatively simple Excel spreadsheet is usually sufficient to build effective 1-D spray drying simulation software.
"2-D" and "3-D" (finest-scale) simulation approaches
Zero-D and 1-D simulation approaches cannot effectively reveal information on gas-flow patterns, time-dependent particle trajectories, atomizer performance, agglomeration, wall deposition and gas-particles residence time data. Such information is crucial for scale-up, scale-down and equipment design, and can be obtained using 2-D and 3-D simulation approaches. In these multiscale simulation approaches, the basic processes happening in the dryer are discretely classified with respect to space and time to apply the associated physical and chemical principles on individual droplets. Drying-rate profiles of these droplets can be predicted using appropriate drying kinetics models. Simple and effective lumped-parameter models (which do not provide internal temperature-moisture profiles within the droplets) are usually desired for 2-D and 3-D simulations due to their simplicity and speed during computation. Several publications have comprehensively reported how 2-D and 3-D simulation approaches using various CFD packages (e.g. Fluent and CFX) can be helpful to predict agglomeration behavior during spray drying [33, 49, 97] , evaluate particle trajectories [11] , design new drying chamber configurations and assess atomizer performance [11, [36] [37] [38] as well as to study gas distribution within drying chambers [11, 28, 33, 34, 45, 50, 53, 68, 93, 101, 111] . The accuracy of prediction by finerscale approaches mainly depends on the selection of mass-heat-momentum conservation equations, the accuracy of turbulence models, the appropriateness of numerical methods used for solving equations and the quality of grid generation and algorithm development [28, 47, 50] . Recently, Langrish [47] outlined important advantages and current challenges of 2-D and 3-D simulation approaches. In spite of their ability to provide fine details of drying processes, the use of 2-D and 3-D simulation approaches is not common in industrial control rooms (especially dairy and food processing industries) due to the high cost of computational package licenses, long simulation time (usually a few hours to several weeks or even months for large-scale spray dryers) and the requirement for programming experience and skilled personnel. CFD simulation of spray drying processes is now becoming more popular and industrially feasible due to the availability of fast computation machines and new powerful CFD packages [38] .
In this paper, the main focus is on how the 1-D simulation approach can be helpful in optimizing industrial spray drying operations, the components that may be required to build an effective simulation tool and the important pros and cons of this 1-D approach.
ONE-DIMENSIONAL SIMULATION
The 1-D simulation approach has previously been used to model spray drying operations due to its ability to predict a product's moisture, temperature and velocity profiles throughout drying [30, 31, 48, 66, 70, 72, 73, 109, 112] . Three main components to formulate the 1-D simulation tool for modeling spray drying processes are (1) drying kinetics data from laboratory-scale experiments and drying kinetics model, (2) a set of appropriate mathematical equations, and (3) a process calculation tool (e.g. Excel and MATLAB).
Drying kinetics
Drying kinetics is a key element in predicting a material's drying behavior and product quality. Drying kinetics models allow for predicting fast and slow drying periods in the drying chamber. Due to increased resistances to heat-mass transfer during drying, the drying rate significantly slows down during the later drying period and will affect the overall drying time. Measurement of drying kinetics from laboratory-scale experiments and fitting of measured data with an appropriate drying kinetics model are important steps to perform mathematical modeling and simulation. The appropriateness of a drying kinetics model and the accuracy of laboratory drying kinetics data will have a direct influence on the accuracy of prediction by 1-D simulation tools.
Drying kinetics measurement
A simple approach for predicting the quality of dried powders is to understand (and accurately model) what a single droplet/particle actually experiences during its flight in the drying chambers regarding its temperature and moisture content, and how a single droplet/particle may respond to these changes [18] . Several laboratory-based techniques have been described in the literature to measure drying kinetics data for use in developing a drying kinetics model for spray drying. Four commonly used techniques are:
1. Suspended droplet drying: Suspended droplet drying is the most common technique used to obtain drying kinetics data [2, 3, 17, 27, 55, 99] . This technique is also used to study volatile retention [62] and morphology changes [5] during spray drying. In this method, small (1-3 mm), single droplets are suspended in a small drying chamber using a thin glass filament or similar means. Droplets are dried using hot air of constant temperature, velocity and humidity. Changes in the droplet's weight, temperature and diameter are recorded through independent experiments in order to determine a characteristic behavior of materials under drying conditions. This technique is popular due to its simplicity and also because both spray drying processes and suspended droplet drying techniques deal with spherical droplets. 2. Thin-layer drying: In this technique, materials are dried in a thin-layer (or slab) form in order to record changes in the sample's temperature, weight and thickness [6, 19, 20, 24, 58] . The effective area for heat-mass transfer is assumed to be constant when estimating drying flux. Experimental data are used to determine drying kinetics parameters or characteristic behavior of materials which can be used to model spray drying processes. 3. Droplet drying using acoustic levitation: In this method, single droplets are suspended using strong acoustic fields in an acoustic levitator. Changes in the droplet's temperature and diameter are measured using infrared thermal devices and digital camera/recorders, respectively [32, 42, 51, 85, 86, 92, 103, [105] [106] [107] [108] . Moisture content profiles are estimated either from diameter profiles or often using a hygrometer to measure the outlet air humidity from the closed levitator. The role of internal water circulation within acoustically suspended droplets and the effects of acoustic fields on internal water diffusion and total evaporation have not yet been clearly described. Recently, GEA Niro developed a simulation tool (DRYNETICS ™ ) by combining droplet drying data obtained from acoustic levitation experiments and a CFD package in order to assist in optimizing spray dryer performance. 4. Desorption method: Drying by desorption is another simple method to measure water availability or drying behavior of materials [87, 88] . Liquid material is dried in the form of a thin disk using a small plastic cup that is placed in a closed container filled with zeolite (or other adsorbents) particles. This container is placed in the oven where liquid concentrates are dried at around 45°C that is believed to be an approximate wet-bulb temperature for water evaporation in real spray dryers [87] . The relative humidity profile in the container is continuously recorded using a sensor that is usually placed very close to the surface of liquid samples in the container. From the relative humidity profiles, moisture content profiles of the liquid samples can be evaluated. Recently, Schuck et al. [87] developed and licensed a spray drying simulation software (SD2P ® ) by combining the relative humidity profiles obtained by the desorption method and the overall heat-mass balances (using a "black box" approach) in order to optimize drying conditions for largescale spray dryers.
Drying kinetics approaches
Once drying kinetics data are measured from laboratory-based experiments, these measured data are correlated with an appropriate drying kinetics approach to formulate a model and predict a time-dependent "average" drying flux. The appropriateness and accuracy of the drying kinetics model will affect the accuracy of prediction for a product's behavior, quality parameters and stickiness data [17, 73, 76] . In the literature, several drying kinetics approaches have been proposed for the modeling of spray drying processes. Each approach is formulated based on various simplifications and has its own advantages and drawbacks. The ease of usage, appropriateness and accuracy should be considered for selecting a right approach for particular applications. Four main types of drying kinetics approaches have been commonly used in the literature:
1. Reaction engineering approach (REA) 2. Characteristic drying curves (CDC) approach 3. Internal moisture diffusion-based approaches 4. Receding interface (or moving boundary) approaches.
The CDC and REA are lumped-parameter approaches and predict "average" behavior of products under drying conditions. The CDC and REA have been widely used in the literature to model droplet drying processes as well as large-scale spray drying processes, because both these approaches are fairly simple to use and hold physical meanings of the drying process. The REA has been reported to be more accurate by various studies [17, 73] . Patel and Chen [73] effectively used the REA and CDC approaches to predict and compare product quality parameters during spray drying using a spreadsheet-based 1-D simulation tool. The REA and CDC approaches have also been successfully incorporated into CFD simulations to study spray drying phenomena [35, 41, 100, 102] . Recently, Jin and Chen [41] used the REA in CFD modeling to simulate an industrial-scale spray dryer for studying gas-flow patterns, particle trajectories, gas-particles residence time data and temperature and moisture content profiles of powders. They found the REA to be effective and simple to use because it does not require the modeling for constant and falling drying-rate periods separately unlike the CDC approach.
Diffusion-based [1, 2, 25-27, 44, 60, 61, 83] and receding interface-based [22, 23, 46, 63, 64, 84] drying kinetics approaches deal with spatial moisture and/or temperature distribution within droplets, and may be useful to predict surface morphology. The latter drying kinetics approaches require solving a set of partial differential equations using appropriate numerical methods; therefore, further complexity is involved when these models are incorporated into simulation tools. Moreover, a careful measurement of moisture diffusivity from laboratory-scale experiments is required to use these diffusion-based and receding interface-based drying kinetics approaches [16, 52, 81, 113] . Evaluating and modeling the moisture diffusivity through laboratory-scale experiments is difficult and time-consuming [4, 14, 52, 81 ].
An example is provided in this study to show how the REA model can be used in conjunction with laboratory-scale and pilot-scale experimental data to develop a 1-D simulation tool for predicting the drying behavior of skim milk.
REA
The REA is a relatively new approach, first introduced by Chen and Xie [20] and modified by Chen and Lin [17] based on careful experimentation on the drying of milk droplets. The REA has successfully been used to conduct dryer-wide simulations for large-scale spray dryers [73] [74] [75] . In these studies, the REA appeared to be simple, effective and sensitive to the majority of the drying parameters. In the original model proposed by Chen and Lin [17] , the effect of initial moisture content was not taken into account while evaluating the liquid concentrate's relative activation energy, an important parameter of the REA. In other words, a single "fingerprint" was used to model liquid concentrates of all initial moisture concentrations. This led to the overestimation of the relative activation energy profiles (or underestimation of drying flux profiles) for liquid materials of low initial moisture concentrations. Recently, Patel et al. [79] modified the approach by considering the effect of initial moisture contents which provided an individual relative activation energy profile for liquid concentrates of each initial moisture content. This modified REA model was found more accurate when simulating the drying of sugar droplets in the work of Patel et al. [79] .
In the case study provided in this paper, the modified REA was incorporated into the 1-D simulation tool to deliver the predictions of important feed/gas profiles. When using the REA, the rate of water evaporation or drying flux can be estimated using the following equation [17, 79] : (1) (ρ v,sat terms) is the zero-order drying "reaction" that is the activation process. The second term on the right (ρ v,b terms) is the first-order wetting "reaction". Thus, the rate of moisture removal was seen as a competitive process between drying and wetting reactions. The apparent activation energy parameter (ΔE v ) was normalized using an "equilibrium" or "maximum" activation energy (ΔE v,b ) to define a new dimensionless parameter called "relative activation energy" (ΔE v /ΔE v,b ) [71, 79] .
An exponential term in equation (1) is water activity at the droplet's surface and it was correlated with the droplet's average moisture content [17, 20] . A similar drying kinetics approach was adopted by Bernard et al. [7] who correlated the surface water activity with the droplet's average moisture content using an Oswin-type empirical equation unlike the REA's relative activation energy function. The relative activation energy was in fact viewed as a difficulty in removing water from the product [79] . When the droplet surface is saturated with free water (i.e. "
X is high), the relative activation energy and hence the difficulty in removing the free moisture is expected to be very small (close to zero). The relative activation energy gradually increases when the droplet's moisture content is reduced during drying. At the zero free moisture content (i.e. " X ¼ X b ), ΔE v /ΔE v,b is expected to be unity.
Before simulating the spray drying process, it is essential to know the material's relative activation energy profiles that correlate relative activation energy with the product's average moisture content ( " X À X b ) and thus allow estimating the average drying flux as a function of drying time. This relative activation energy profile was considered as a characteristic behavior (or fingerprint) of individual materials. The relative activation energy is mainly influenced by the composition of materials and the initial moisture contents [79] . The relative activation energy profiles for skim milk concentrates of different initial moisture contents are shown in Figure 1 . For skim milk having 20 and 30 wt% (all dry basis) initial solids contents, the relative activation energy profiles were evaluated using weight loss and temperature data directly from the experimental work and equations (1) and (2) [17, 77] , while for 40 wt% and higher solid concentrations these profiles were approximated using a method shown by Patel et al. [79] . A comparison of these relative activation energy curves in Figure 1 provides an insight for using an appropriate fingerprint. Mathematical equations describing the relative activation energy for 20, 30, 40, and 50 wt% (all dry basis) skim milk droplets are reported in Table I . The parameter ΔE v,b can be calculated using the relative humidity (ρ v,b /ρ v,sat ) and temperature (T b ) of hot air
Mass-transfer coefficient (h m ) in equation (1) can be estimated using the following equations:
where Sh is the Sherwood number,
is the air-moisture diffusivity, Re is the Reynolds number, Sc is the Schmidt number, ρ b (kg·m −3 ) and μ b (Pa·s) are the density and viscosity of bulk gas, respectively, and v p and v b are the velocities of the droplet and bulk gas, respectively. Correlations to estimate various thermo-physical properties are listed in Appendix I.
Mathematical equations

Heat balance
The temperature profile of a product can be evaluated using the following heat-transfer model:
where h (W·m
is the latent heat of vaporization, and C p,w and C p,s (J·kg −1 ·K −1 ) are the specific heat capacities of water and solids, respectively. The heat-transfer coefficient, h, can be estimated from the following RanzMarshall correlation:
where Pr is the Prandtl number that can be calculated from
Temperature gradients across the droplet can be assessed using a method proposed by Patel and Chen [77] . If the temperature 1-D Simulation of spray drying -pros & consgradients are small or exist only for a short drying period, the assumption of uniform temperature can be used when estimating the droplet's average temperature profiles using equation (6) [77, 78] . The temperature profile of hot gas can be evaluated using the following heat balance [71] :
Heat in ¼ Heat out þ Heat gained by droplets À Heat gained by gas through vapor transfer þ Heat loss
where _ V (m 3 ·s −1 ) is the volumetric gas-flow rate, H b (J·kg −1 ) is the enthalpy of gas, U (W·m −2 ·K −1 ) is the overall heat-transfer coefficient for heat loss, D e (m) is the effective dryer diameter (the arithmetic average 
of inner and outer diameters) and T ∞ (K) is the room temperature. The enthalpy of hot air (H b ) can be estimated using [59] H
where C p,b (J·kg −1 ·K −1 ) and Y (kg·kg −1 , dry basis) are the specific heat capacity and absolute humidity of hot air. The specific heat of humid air can be estimated using the following equation:
Using equations (9-11), the following heat-balance model can be derived to evaluate the air temperature profiles within the dryer:
Mass balance
Similar to heat balance, the following mass balance equation can be used to evaluate the absolute gas humidity profile inside the drying chamber:
where l (m) is the dryer's axial height. The water evaporation rate dm w /dt can be calculated from equation (1).
Momentum balance
The axial velocity profile of droplets/particles can be estimated using the following momentum balance equation:
where C D is the drag coefficient. For 0.5 < Re < 1000, C D can be estimated from the following empirical correlation [21] :
It is often important to estimate the initial velocity of the droplet to use as an input parameter to the simulation tool. For a pressure nozzle, the initial droplet velocity can be calculated by the following equation [59] : 
Shrinkage model
Modeling of a drying process requires a shrinkage model to estimate the change in the droplet's diameter because the evaporation of water from the droplets makes them shrink. This shrinkage effect has a direct influence on the physical quality of the end products [43, 75] . Different models such as a perfect (or ideal) shrinkage model, a receding interface model and empirical (linear or non-linear) shrinkage models were reported in the literature to estimate the transient change in the diameter during drying [46, 54, 82, 89, 91, 98, 104] . Receding interface models assume that the droplets shrink only during the constant drying-rate period [46] . The formation of a solid crust during the falling-rate period is likely to restrict a shrinkage behavior. The perfect shrinkage and empirical models have widely been used in the literature because they are straightforward to incorporate into 1-D simulation tools. Selection of a shrinkage model should be based on how well these models are validated for specific materials under given drying conditions.
The perfect (ideal) shrinkage model, which is the simplest and possibly the most frequently used approach, assumes that the change in droplet diameter is proportional to the quantity of water removed from the droplets during drying [70] . Empirical models have also been used since they appear to provide higher accuracy in many studies [54] [55] [56] . For instance, Lin and Chen [54] used the following linear empirical model to estimate the change in diameter during the drying of skim milk droplets:
where parameter β is the empirical coefficient that is reported to be 0.59 and 0.69 for 20 and 30 wt% skim milk droplets [54] . Since the accurate values of β for the drying of higher initial solids concentrations skim milk are not yet reported, the ideal shrinkage model was used for simulation runs in this study. The initial "representative" droplet diameter (d p,0 ) in equation (17) can be estimated using the known atomizer parameters and the corresponding correlations published in the literature. For a pressure nozzle, the following correlation has widely been used [59] :
where D 3/2 (m) is the Sauter mean diameter that can be used as the initial "representative" droplet diameter to conduct simulation.
Equilibrium moisture isotherm
It is essential to estimate equilibrium moisture contents (X b ) when using the REA to simulate drying processes. For different materials, different equilibrium moisture isotherms may be used to estimate X b . The Guggenheim-Anderson-de Boer (GAB) model, which has been fitted at elevated temperatures (up to 90°C) and over a wide range of relative humidity (up to 100%) conditions, can be used to calculate X b of skim milk droplets [57] :
where C, K and m 0 are three parameters of the model and a w is the water activity. These parameters were presented for skim milk using the following correlations [57] : ) is the universal gas constant and T (K) is the absolute temperature. Parameters m 0 , C 0 , K 0 , ΔH 1 and ΔH 2 for skim milk were reported to be 0.06156, 0.001645, 5.71, 24 831 and −5118, respectively, by Lin et al. [55] .
Product quality parameters
Density, glass-transition temperature and insolubility index are a few parameters of interest from the quality point of view. The true density profile of a particle can be estimated using the densities of solids and water. Since the water content profile of the particle is known from the drying kinetics model, the density profile can be estimated using mass fractions and densities of water and solids. Alternatively, the particle density can be predicted using the following equation:
Glass-transition temperature and insolubility index are frequently used now to optimize process conditions to ensure that the product is non-sticky and has a good solubility. The first "spray drying" stage has however a large influence on these product properties, and it is advisable to know them beforehand. The glass-transition temperature (T g ) is a characteristic property of an amorphous component of materials and can be related to the stickiness behavior of powders during processing and storage. The Gordon-Taylor equation that seems to account for the water content effect can be used to estimate T g of the solids-water mixture containing single or multiple solutes [1-3, 12, 29, 90, 96] :
where k g is the solid-water (binary) constant, T g,s and T g,w are the glass-transition temperatures of solids and water, and ω s and ω w are the mass fractions of solids and water, respectively. T g of skim milk solids (3 wt% moisture, dry basis) and water were reported to be 72 and −137°C, respectively [13] . The parameter k g has to be obtained from independent experiments [8] . It is often accepted that T g profiles of skim milk droplets may be approximated by T g of anhydrous lactose (101°C) with a corresponding k g of 7.4 [47, 69] . Solubility or insolubility index is another important property of dairy/food powders and usually considered as a post-drying property [65] . This property is often used by commercial milk powder manufacturers as a criterion to indicate the quality of milk powders. The insolubility index is an indicator of the presence of insoluble materials in the particle/powder and the ability of powder to dissolve in the solvent (water, milk, etc.) [9] . The rate of insoluble material formation during drying mainly depends on the protein contents of feed, the drying conditions and the temperature and moisture content profiles of the droplets. Straatsma et al. [94] proposed a zero-order kinetic model to determine the insolubility index of skim milk powders assuming that the insoluble material forms only when the particle moisture content is between 10 and 30 wt% (dry basis). The rate of insoluble material formation (r isi ) was described by Straatsma et al. [94] using the following empirical equation:
where k isi and E isi are the kinetic constants at a reference temperature, and T p and T p,0 are the product temperature (K) and reference temperature (K), respectively. J·mol −1 at T 0 = 348 K for skim milk powders. Since a qualitative model to show the effect of the moisture on the rate of insoluble material formation is not available to date, this idealistic kinetic model may provide "indicative" trends within the limited operating range.
Other product quality parameters such as the rate of deactivation of bioactive substances (e.g. enzymes and vitamins) and their residual activity in the final products may also be estimated by incorporating appropriate mathematical models into 1-D simulation tools.
DEVELOPMENT OF A SPREADSHEET-BASED 1-D SIMULATION TOOL
In this example, a Microsoft Excel spreadsheet was used as a process calculation tool to simultaneously solve all the formulated equations and build a 1-D simulation spray drying software. A first-order finite difference method was used to solve mass-, heat-and momentum-transfer differential equations by following time integration. At each time step, a droplet travels a small distance (dh) in the dryer, thus dividing the dryer into many dryer "slices". All the droplets in each dryer slice were considered to experience the identical conditions, thus having the same thermo-physical properties. The total number of droplets θ inside the dryer was estimated using the flow rate of concentrate and a representative droplet diameter (i.e. total droplets per second = total volumetric flow per second/ volume of a single droplet).
The Excel spreadsheet was divided into three main parts where specific calculations were performed using a time interval of 0.005 s. The first part of the spreadsheet defines various inputs of spray drying processes. These inputs are absolute humidity, flow rate and temperature of inlet gas streams (i.e. main hot gas, cooling gas and gas with fines recycle) as well as temperature, flow rate and solids concentration of liquid feed, the dryer's dimensions (diameter and height) and the representative diameter and velocity of the droplets. The second part of this 1-D tool calculates all required thermo-physical, chemical, transport and equilibrium properties of vapor, water, dry air and liquid feed including heat capacity, density, viscosity, thermal conductivity, latent heat of vaporization, partial vapor pressure, saturated vapor pressure and drag coefficient. These properties were time-dependent and varied along the axial distance in the drying chamber. The third part of the simulation tool handles with the drying kinetics of liquid feed and calculates a product's physical properties such as density, moisture content, size, T g , solubility index, water activity, equilibrium moisture content, heat-and mass-transfer coefficients, drying rate and the distance travelled by the droplets at each time step.
Simulation for integrated fluid-bed drying was also combined with first-stage drying. Several important parameters after first and second drying stages were predicted and compared with experimental measurements. Synchronization of first-stage drying and fluid-bed drying of individual particles is a challenge although it is possible to combine them by introducing several simplifications. In this study, the fluid-bed dryer was treated as a well-mixed reactor. The detailed kinetic profiles of the product in the fluidbed dryer were not projected. Drying kinetics profiles are reported in this paper only for first-stage drying in order to highlight the pros and cons of the 1-D simulation tool developed at the Clayton Campus of Monash University in Australia.
A few assumptions were used during simulation. These assumptions are:
1. A spray dryer was treated as a plugflow reactor having a co-current flow.
2. The droplets were considered as spheres of a binary mixture (solids and water). 3. All the droplets in a specific dryer "slice" have identical size, shape and properties. 4. A perfect shrinkage model was considered reasonable to estimate shrinkage behavior. 5. The initial "representative" diameter and velocity can be estimated using appropriate empirical correlations available in the literature for individual atomizers [59] .
SPRAY DRYING TRIALS ON A PILOT-SCALE MULTI-STAGE DRYER
To compare predicted parameters and study their trends, spray drying trials were performed at the Bionov pilot plant (Rennes, France). The evaporation capacity of this dryer was in the range of 70-100 kg water per hour. An internal static fluid-bed dryer and an external vibro fluid-bed dryer were used for final drying and agglomeration of powders. In this plant, the exhaust air stream is drawn out from the ceiling of the drying chamber to a set of two cyclones where fine particles are collected and returned to the top of the drying chamber. The diameter of the cylindrical chamber was 2 m, while the total height of this dryer was 3.9 m. Schematic layouts of this drying plant are presented by Bimbenet et al. [10] and not repeated here. A single pressure nozzle was used to spray liquid concentrates of known initial solids contents. Required operating and feed parameters were either recorded from a control panel board in the control room or measured directly from the plant wherever possible. The heat loss through the dryer surface was estimated to be~2.5% of the total heat input. This heat loss was taken into account when estimating air temperature profiles. Three trials were performed using skim milk concentrates of 20 and 40 wt% solids contents. Inlet feed and operating conditions for these three trials are presented in Table II .
"Mixed air" in Table II indicates the total mixed air (hot air, cooling air around pressure nozzle and air coming in with fines) that is available to a spray of droplets near atomization zone. Temperature of mixed air was not measured during the spray drying trials but it was calculated using the relevant enthalpy of each air stream (excluding the hot air stream entering through static fluid-bed dryer). This means
where _ m (kg·h −1 ) and H (kJ·kg −1 ) are the mass-flow rate and enthalpy of individual air streams. As an example, H total of mixed air during skim milk trial 1 would be (see Tab. II for humidity, temperature and flow rate values) ð1899 Â 224:91Þ hot þ ð500 Â 27:66Þ cooling þ ð350 Â 27:
Temperature of this mixed air with enthalpy of 164 kJ·kg −1 and absolute humidity of 1 g·kg −1 was calculated to be 160.4°C. This mixed air temperature was used in the 1-D tool as an initial air temperature.
RESULTS AND DISCUSSION
Detailed profiles and trends of important feed and gas parameters are predicted in this section using the 1-D simulation tool.
Predictions of the 1-D tool are compared with experimental measurements and predictions of SD2P ® software wherever possible. Figure 2a demonstrates the air temperature profiles estimated using the 1-D tool. The hot region within the dryer can be identified using these profiles. Overall outlet air temperatures predicted by the 1-D tool and SD2P ® are presented in Figure 2b . To study the trend of prediction using three drying trials, measured outlet air temperatures are also reported in Figure 2b . Results indicate that the trends of prediction using both the software were similar to the measured outlet air temperatures (see Fig. 2b ). When compared with measured outlet air temperatures, the average and maximum relative differences were estimated to be~4.2% and 7.9% with the 1-D tool, and 1.7% and 2.0% with SD2P ® . Both predictive tools slightly overestimated the outlet air temperatures. Figure 3a presents the air humidity profiles predicted by the 1-D tool. These air humidity and temperature profiles may be used to avoid stickiness and wall deposition issues. The trend of predictions using the 1-D tool and SD2P
® and the measured outlet air humidity are shown in Figure 3b . It was observed that the outlet air humidity was somewhat overpredicted by the 1-D tool and SD2P ® . Average and maximum relative errors in predictions by the 1-D tool were 10.8% and 17.4%, respectively, while these errors for SD2P ® were~6.3% and 9.7%, respectively. It was further observed that the air humidity after first-stage drying tends to be slightly higher than the outlet air humidity.
Powder moisture content profiles during the first-stage drying are predicted using the 1-D tool and illustrated in Figure 4a . These profiles help in identifying the dryer zones where the majority of the water is removed. Powder moisture contents after both first-stage and fluidized-bed drying (see Fig. 4b ) are also estimated. The final moisture contents of the powder (i.e. after external fluid-bed drying) were measured and reported to be 0.044 kg·kg −1 (dry basis) for all three drying trials. Because the SD2P ® software presumes the average ® used the final moisture content as an input parameter to the model while the 1-D tool "predicts" the powder's moisture contents throughout drying, and thus allows the estimation of other moisture contentbased product properties such as glass-transition temperature, insolubility index and residual activity of bioactive components. Figure 4b shows that the powder's moisture content was overpredicted for the second drying trial while it was underpredicted for the third drying trial when using the 1-D tool. Average powder moisture contents after first-stage drying should be in the range of 0.07-0.09 kg·kg −1 (dry basis) based on overall moisture balance calculations. The error in prediction may be due to the inclusion of various assumptions (such as co-current axial flow, no droplet size distribution, spherical droplets, no agglomeration, no droplet-droplet or droplet-wall interactions, no gas recirculation within the chamber and ignorance of fines near the atomization zone) and various approximate models (such as ideal shrinkage, empirical correlation for estimating the droplet size and Ranz-Marshall correlations). It is expected to have a certain degree of errors due to these approximations. Variations in the feed/air parameters during spray drying operations may also introduce errors in recording drying/gas parameters and hence during spray drying simulation. For instance, a variation in the feed-flow rate during the pilot-scale drying trials was recorded to be~± 3.0-8.0 L·h . A variation in the gas-flow rate during drying was more noticeable. Therefore, it was often difficult to record accurate gas and feed parameters to enter in the simulation program. Other spray drying software products available in the market which require inlet/outlet gas and feed parameters as inputs to the simulation tool may also face this challenge. During spray drying experiments, fines were returned at the top of the drying chamber and mixed with fresh droplets. However, the return of fines was not considered during heat and mass balances by the 1-D simulation software. In fact, fines returns could be as high as 60-80% of the total powder produced after first-stage drying [40] . Such a high fraction of fines may have a certain influence (not necessarily significant) on the overall heat-mass balances and average drying flux of fresh droplets. The interactions of fresh droplets with the fines near the atomization zone, their impact on the average drying flux and the modeling for these droplet phenomena have remained a challenge. Nevertheless, the trend of product moisture contents delivered by the 1-D simulation approach appeared to be correct, and these trends may be used to study the sensitivity of various drying/feed parameters.
A higher accuracy may be achieved by tuning the empirical coefficients of several mathematical models for specific products or process conditions. Another way to improve the accuracy of prediction may be to incorporate an adjustment parameter or an air-droplets mixing coefficient into the model. However, it is not clear yet how and where to introduce adjustment parameters during spray drying simulations.
Particle velocity and gas velocity profiles are predicted by the 1-D tool and presented in Figure 5 . The initial "representative" axial droplet velocity was estimated to bẽ 31.5, 29.5, and 35.4 m·s −1 for drying trials 1, 2, and 3. The inlet gas velocity was approximated around 6.0 m·s . The real dryer geometry was considered during simulation. It was observed that both the particle and gas velocities slightly went up at the bottom of the drying chamber due to the conical shape of the chamber. Particle residence time during the first-stage drying, assuming co-current parallel flow, was in the range of 3.5-5.0 s for the reported drying trials. Figure 6a demonstrates glass-transition temperature (T g ) and product temperature (T p ) profiles. T g for skim milk powder was estimated using T g of anhydrous lactose as done by Langrish [47] . T g values after first-stage drying corresponding to the drying trials 1, 2, and 3 (product moisture contents of 6.3, 16.6, and 2.4 wt%) were 64.2, −19.8, and 100.1°C, respectively. Respective T p -T g values after first-stage drying were approximately 20, 95, and −22°C. These predictions show that the product may be slightly sticky for trial 1, very sticky for trial 2, and non-sticky for trial 3. The error of prediction in estimating the product's moisture concentrations directly reflected in the T g predictions. Accurate T g profiles can be helpful in drawing safe drying regime maps and taking decisions on tuning inlet/outlet gas temperature/humidity to produce non-sticky products with minimum wall deposition.
Insolubility index profiles are also predicted by the 1-D tool and reported in Figure 6b . One should be careful when reading the insolubility index when predicting them using the model (equation 24) used in this study. The model assumed that the insoluble material forms only when the product moisture content was between 10 and 30 wt%. Based on this assumption, the insolubility index for the drying trials 1, 2 and 3 was~1.09, 0.07, and 0.14 mL (at 10 wt% powder moisture). The effect of the product's temperature profiles has been reflected on the insolubility index. Experimental solubility data and SD2P ® predictions for this property are not available. The insolubility index data during first-stage drying may help in giving a rough estimate on how much insoluble material forms during the subsequent drying stages and storage.
It was noticed during this case study that the trends of prediction using the 1-D simulation tool were similar to experimental data recorded from the plant. The 1-D tool also helped in observing the variations in product and gas properties upon changing inlet feed and air parameters. Despite introducing several simplifications in this study to make the 1-D tool simpler and faster, the correct trends of important product and gas properties were obtained. The absolute errors of prediction by the 1-D tool for the drying trials conducted on the pilot-scale dryer were in the range of 3-17%. These errors may be minimized by modifying heat and mass balances that closely resemble real spray drying trials, by tuning several empirical parameters and by introducing an adjustment coefficient in the model. It should be noted that the input parameters to the 1-D simulation tool built for this study and SD2P ® software are quite different. SD2P
® requires the outlet moisture content and outlet air temperature as input parameters in order to calculate the inlet air temperature for achieving the presumed moisture content. The 1-D simulation tool requires all the inlet conditions to the dryer as inputs to the simulation and predicts important parameters at the outlet of the drying chamber. To achieve the desired outlet moisture content or outlet gas temperature with the 1-D tool, the input parameters should be changed until the desired outlet conditions are obtained. Nevertheless, both the 1-D simulation tool and SD2P ® software are quite useful to perform simulations for spray drying operations. Several important pros and cons of the 1-D simulation approach are mentioned in the next section. product's quality parameters not only at the dryer's inlet and outlet but also within the dryer chambers. d Safe drying regime maps can be prepared to produce non-sticky products, to determine the extent of particle crystallinity required for product stability and to minimize wall deposition. d 1-D simulation approach can be a great means to track the consequences of changes in process and feed parameters on important product quality parameters, energy consumptions and process efficiencies. For instance, if the inlet air humidity to the dryer is changing in a rainy season, it is fast and straightforward to decide what changes should be made to inlet air temperature or inlet feed-flow rates or other parameters to keep the product's moisture content consistent at the dryer outlet. Furthermore, it can be quickly estimated what inlet air temperatures should be used for any variation in the feed's initial solids concentrations. This information can be presented using simple graphs or tables and provided to the plant operators. d Recently, Patel and Chen [76] demonstrated the ability of estimating surface properties of particles throughout drying using the 1-D simulation tool and the REA. Previously, the surface properties of products were estimated using a diffusion-based drying kinetics approach or a receding interface approach that required using much more complex process calculation tools such as MATLAB and FlexPDE.
Cons of 1-D simulation approach
d Several dryer geometries involve the recirculation of particles within the drying chamber, the recirculation of humid air to the ceiling of the chamber and the fines return to the dryer. At this stage the 1-D approach does not account for these phenomena and cannot predict gas distribution within the chamber, droplet/particle trajectories and gasparticles residence time data. 2-D and 3-D simulation approaches may be helpful to handle these spray drying phenomena in order to study these phenomena in more depth. d The 1-D simulation approach does not consider droplet-droplet interactions and droplet-particle interactions in the dryer which are common phenomena for real spray drying operations. d Simulation of the drying of agglomerated particles is also a challenge for the 1-D approach. d The 1-D approach requires several parameters from the laboratory-scale experiments prior to simulation if they are not known. These parameters include drying kinetics parameters (e.g. relative activation energy), shrinkage parameters, equilibrium moisture isotherm parameters and quality parameters (e.g. T g of anhydrous solids). Any errors in obtaining experimental data and validating associated mathematical models may have a certain influence on the accuracy of prediction by the 1-D simulation approach.
CONCLUSION
The 1-D simulation approach offers valuable information on operating parameters before production of powders. Moisture content and temperature-dependent product properties can be predicted at any locations in the dryer, thus giving an additional advantage over the "black box" approach. When a good understanding of the principles of spray drying and the characteristics of the particular plant in use is coupled with the information obtained by the predictive tools, sensible decisions can be made to avoid potential problems and to improve product quality and process efficiencies. The user of 1-D simulation tools should, however, be aware of the accuracy of prediction when taking decisions based on the trends/numbers provided by the 1-D tools. From the customer's point of view, simulation software should be easy to use, of low cost and be readily available in the market. Predictive tools based on a 1-D simulation approach can be constructed using spreadsheet-based platforms like Excel which offer simplicity and cost-related benefits over other CFD-and MATLAB-based process calculation tools.
